The pre-main sequence star CHXR 74 (M4.25) in Chamaeleon I was found a few years ago to be a very low-mass spectroscopic binary. A determination of its mass would provide a valuable dynamical mass measurement at young ages in the poorly constrained mass regime of < 0.3 M ⊙ . We carried out follow-up radial velocity monitoring with UVES/VLT between 2008 and 2011 and high-resolution adaptive-optic-assisted imaging with NACO/VLT in 2008 with the aim of constraining the binary orbit. We present an orbital solution of the system based on the combined radial velocity data set, which spans more than eleven years of UVES monitoring for CHXR 74. The best-fit Kepler model has an orbital period of 13.1 years, zero eccentricity, and a radial velocity semi-amplitude of 2.2 km s −1 . A companion mass M 2 sin i (which is a lower limit due to the unknown orbital inclination i) of 0.08 M ⊙ is derived by using a modeldependent mass estimate for the primary of 0.24 M ⊙ . The binary separation (a 1 sin i + a 2 ) for an inclination of 90
Introduction
Binaries whose orbital periods are sufficiently short for us to follow their orbital motion in a reasonable time are key astronomical objects because they allow us dynamical mass measurements. Masses are the very foundation of our understanding of star-, brown dwarf-(BD) and planet formation and evolution, e.g. they define the IMF and are the most important input parameter for evolutionary models. A means to search for companions with orbital distances of a few AU are spectroscopic surveys that monitor the radial velocity (RV) shift caused by a close companion. From the spectroscopic orbit alone, only lower mass limits M sin i can be determined because of the unknown inclination i. Spectroscopic binaries for which the astrometric or visual orbit can be determined or that happen to be eclipsing systems allow absolute mass determinations. In the mass regime <0.3 M ⊙ , a few spectroscopic binaries have been detected and their orbits determined (e.g., Basri & Martín 1999; Stassun, Mathieu & Valenti 2006; Joergens & Müller 2007; Joergens et al. 2010; Blake et al. 2008) . Furthermore, follow-up RV measurements permitted additional constraints of the orbits of a few close visual BD and very low-mass (VLM) binaries (e.g., Zapatero Osorio et al. 2004; Simon, Bender & Prato 2006; Konopacky et al. 2010) . For masses <0.3 M ⊙ , evolutionary models rely only on very few mass measurements for very young binaries (Mathieu et al. 2007; Stassun et al. 2006) . While there used to be little or no overlap between spectroscopic, and, consequently close binaries and visual binaries, particularly at the distance of starforming regions, the situation is changing owing to recent advances in spatial resolution achieved by adaptive optics (AO) and interferometric instruments.
Within the course of an RV survey for binaries among very young BDs and low-mass stars with UVES/VLT in the Chamaeleon I (Cha I) star-forming cloud, the very low-mass star CHXR 74 (M4.25, ∼0.24 M ⊙ ) was detected to be a spectroscopic binary with a presumably relatively long orbital period (Joergens 2006 (Joergens , 2008 .
We have carried out follow-up UVES observations between 2008 and 2011 to constrain the spectroscopic orbit. Furthermore, we have obtained high-resolution AO images with NACO/VLT of CHXR 74 with the aim to directly resolve the binary. We present here the results of these observations, which include the determination of an RV orbit solution and of an upper limit for the brightness ratio. Finally, we derive constraints for the masses of the two binary components and investigate prospects for future dynamical mass measurements. (a) RV value is the average of two single consecutive measurements.
CHXR 74
CHXR 74 was identified as low-mass member of the Cha I starforming cloud with spectral type M4.5 by Comerón et al. (1999) . CHXR 74 has a brightness of 17.3 mag in V band and 10.2 mag in K S band (Comerón et al. 1999; Luhman 2004) and is classified as class III object based on its spectral energy distribution, i.e. it has no detected disk (Luhman et al. 2008) . The most recent determination of stellar parameters for CHXR 74 yields a spectral type of M4.25, an effective temperature of T eff =3234 K, and a bolometric luminosity of L = 0.15 L ⊙ (Luhman 2007) . Using these stellar parameters of the unresolved system, we estimate a mass of about 0.25 M ⊙ and an age of about 2 Myr for CHXR 74 based on evolutionary model tracks (Baraffe et al. 1998) . We show below that the companion contributes significantly to the total luminosity of the system and that the model-dependent mass of the primary is 0.23-0.24 M ⊙ , instead (cf. Sect. 5).
Radial velocities and orbital solution
Spectroscopic observations of CHXR 74 were carried out between 2000 and 2011 with the Ultraviolet and Visual Echelle Spectrograph (UVES, Dekker et al. 2000) attached to the VLT 8.2 m KUEYEN telescope at a spectral resolution λ/∆λ of 40 000 in the red optical wavelength regime. The RVs were measured from these spectra based on a cross-correlation technique employing telluric lines for the wavelength calibration. Details of the data analysis can be found in Joergens (2006 Joergens ( , 2008 . The RV measurements for spectra taken between 2000 and 2006 provided evidence that CHXR 74 has a long-period spectroscopic companion (Joergens 2006 (Joergens , 2008 . Here, we present new RV data based on UVES spectra taken between 2008 and 2011. Table 1 lists the new RV measurements of CHXR 74 and previous RV data. The latter were reprocessed for this work by using a slightly refined wavelength range for the crosscorrelation to exclude a region that had been found to be contaminated by telluric lines and imperfectly corrected CCD cosmetic blemishes and that introduced additional scatter. The given errors σ RV are the sample standard deviation of two consecutive individual measurements. The RV noise caused by activity is estimated to about 450 m s −1 based on the night-to-night rms scat-ter in the data. This error value is used for finding the RV orbit solution.
The combined data set spans more than 11 years of RV monitoring for CHXR 74 between 2000 and 2011 ( Fig. 2) . Starting in 2000, we witnessed first an increase of the RV until 2006 by about 4 km s −1 followed by a period of only small RV changes and finally a decrease of the RV in 2011 back to the original RV level.
To identify periodicities in the RV data, we computed the generalized Lomb-Scargle (GLS) periodogram (Zechmeister & Kürster 2009 ) and its window function (Fig. 1) . For a better visibility of longer periods, the GLS periodogram is plotted with a logarithmic scale for the period.
The GLS periodogram reveals a significant peak at a period of 4785 d with a false-alarm probability (FAP) of 2.3 · 10 −8 . In addition, there are several peaks at shorter periods but they have FAPs higher than 10 −3 and are not considered to be significant. These peaks are expected to be aliases because the periodogram is a convolution of a present signal in the data and the sampling function of these data (window function). For example, the alias peak in the periodogram at 340 d is caused by the 365 d sampling period (yearly alias, highest peak in the window function).
We calculated an orbital solution based on the RV data using χ 2 minimization. We fitted the four free parameters period P, periastron time T , RV semi-amplitude K, and system velocity V 0 . The eccentricity e was fixed to zero in this fit because treating it as free parameter leads to very high eccentricity values, poorly constrained longitudes of periastron, and unreasonable values for the lower limit of the companion mass M 2 sin i (several times higher than M 1 ). We note that such unrealistic results occur for e > 0.2, while derived orbit parameters for e ≤ 0.2 are consistent within the errors with the values derived for e = 0.
The best-fit Kepler orbit is shown in Fig. 2 . It has a period of 4770 days (13.1 yr) and an RV semi-amplitude of 2.2 km s −1 . The derived lower limit to the semi-major axis of the primary a 1 sin i is 0.95 AU. The reduced χ 2 of the orbital fit is 0.94. The complete list of determined orbital elements is given in Table 2 .
The minimum mass M 2 sin i and the semi-major axis a 2 of the secondary for a single-lined RV orbit depend on the primary mass. The mass estimate for CHXR 74 based on the luminosity and effective temperature of the unresolved source by applying evolutionary models is 0.25 M ⊙ (cf. Sect. 2). We show in Sect. 5 that the companion contributes significantly to the total luminosity of the system, which leads to a reduced primary mass. Using M 1 =0.24 M ⊙ , the mass M 2 sin i of the companion is determined to be 84 M Jup (0.08 M ⊙ ) and its semi-major axis a 2 to be 2.84 AU. The errors in M 2 sin i and a 2 given in Table 2 are based on the fit and do not take into account additional possible errors in the primary mass, such as those introduced by the evolutionary models used to estimate the primary mass.
NACO observations
A binary separation of about 3 AU or more was predicted for CHXR 74 based on RV data from 2000 to 2006 (Joergens 2008) . This corresponds to an angular separation of almost 20 milli arcseconds (mas) or more at the distance of Cha I (160-165 pc). Therefore, it seemed to be within the realms of possibility to directly resolve this very young spectroscopic binary system with current direct imaging facilities. A resolved orbit would yield the orbital inclination and with it an absolute companion mass and absolute semi-major axes as well as an independent measurement of the distance. Notes. The given parameters are: orbital period, periastron time, eccentricity, longitude of periastron, RV semi-amplitude, system velocity, mass function, lower limit of the companion mass, lower limit of the semi-major axis of the primary, semi-major axis of the companion, number of measurements, time span of the observations, residuals, reduced χ 2 . A model-dependent primary mass M 1 =0.24 M ⊙ was used to derive M 2 sin i and a 2 ; the given errors of M 2 sin i and a 2 are solely based on the fit. See text for more details.
For this purpose, we carried out adaptive optics (AO) imaging of CHXR 74 with NAOS Conica (NACO, Lenzen et al. 2003; Rousset et al. 2003) attached to the VLT 8.2 m YEPUN telescope, on 16 Jan 2008. Observations were made with IR wavefront sensing (N90C10 dichroic) in K-band with the S13 camera providing a pixel scale of 13.3 mas/pixel, and with the target itself as natural guide star (NGS). Data were taken at two instrument rotator angles separated by 90 o . At each angle, 11 frames were taken with jittering applied. Each frame consisted of a single 12 s exposure, giving a total integration time of 132 s per angle. The data were reduced and collapsed into a final 0 o and a final 90 o frame using the 'jitter' routine of the ESO 'eclipse' package.
There is no convincing companion detected to CHXR 74 in the images. The point spread function (PSF) has a FWHM of about 70 mas and is slightly extended in the north/south direction (along close to the y-axis in the 0 o image and to the x-axis in the 90 o image). The extension direction is clearly distinct from the parallactic angle during the observations (∼-40 o ), which excludes the possibility that it is a result of differential atmospheric refraction. Hence, it is in principle possible that this extension is caused by the companion. However, because the signal is rather small, and because some instrumental effects are hard to exclude (e.g., an unfortunate PSF variation between the 0 o and 90 o frames), we do not consider this as a reliable detection. Instead, we used the data to quantify upper limits to the brightness ratio and lower limits to the projected separation by excluding parameters that would cause a stronger impact on the PSF than what we observe, to a statistically significant degree. This was performed by introducing fake companions in the data at different brightness ratios and separations, and evaluating the signal-to-noise ratio (S /N) of the resulting signature. The effect on the PSF as a function of companion properties is quan- We then systematically introduced artificial companions in the images. These are copies of the primary PSF, added at different separations and with different brightness ratios. A grid was used for the sampling that sampled the separation in steps of 0.15 pixels, from 0.15 pixels to 3.00 pixels, and the brightness ratio in steps of 0.05, from 0.05 to 1.00. The ∆w corresponding to a simulated case is denoted ∆w sim . For each case we evaluated the signal S as the rms of the ∆w sim − ∆w ref components. We set S /N > 5 as the criterion for detectability. In Fig. 3 we show the parameter ranges that remain allowed and can be excluded, respectively, on the basis of the images.
Conclusions
We confirm that CHXR 74 (M4.25) is a very low-mass pre-main sequence spectroscopic binary based on new RV measurements obtained between 2008 and 2011 with UVES at the VLT. The Kepler orbit that fits the combined RV data set (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) best has an orbital period of 13.1 years and zero eccentricity. A companion minimum mass M 2 sin i of 0.08 M ⊙ was derived by using a model-dependent mass estimate for the primary of 0.24 M ⊙ . The binary separation (a 1 sin i + a 2 ) for an inclination of 90
• is 3.8 AU, which corresponds to 23 mas at the distance of Cha I (160-165 pc). Complementing the RV measurements, high-resolution AO images of CHXR 74 were taken with NACO at the VLT with the aim of directly resolving the binary. While there are marginal signs of an extended PSF, we have no convincing companion detected to CHXR 74 in these images.
In the following, we investigate the parameter space of binary properties that is allowed for CHXR 74 given the presented UVES and NACO observations. First, we calculate the absolute companion mass M 2 for different inclinations based on the RV orbit and taking the companion's luminosity into account. For this calculation, M 2 was derived directly from the mass function f (m) rather than using the value of M 2 sin i given in Table 2 , which is for non-negligible companion masses valid only for large inclination angles. The luminosity ratio L 2 /L 1 and the primary mass M 1 were then estimated for different inclinations by employing low-mass evolutionary model tracks (Baraffe et al. 1998) and assuming the coevality of the binary components. For the luminosity of the unresolved system and its effective temperature, the values determined by Luhman (2007, cf. Sect. 2) were used. While they correspond to a mass estimate of 0.25 M ⊙ , the fact that the secondary of CHXR 74 contributes significantly to the total luminosity leads to a lower primary mass estimate depending on the inclination.
At minimum, i.e. for an inclination i=90
• , the mass of the companion is estimated to be 0.08 M ⊙ . In this case the luminosity ratio L 2 /L 1 is 0.30 and the primary has a mass of about 0.24 M ⊙ . For smaller inclination angles, the mass and luminosity of the companion increases, e.g., for i=60
• , a companion mass of 0.10 M ⊙ is derived. In this case, L 2 /L 1 is estimated to 0.36 and M 1 to about 0.24 M ⊙ . The limiting case is to consider a companion that is as luminous as the primary (i.e., L 1 =L 2 =L tot /2), although we show in the next paragraph that this is unrealistic. Comparison with evolutionary tracks shows that then both components would have a mass of M 1 = M 2 ≈ 0.23 M ⊙ . This implies a minimum orbital inclination of 27
• , as derived from the mass function.
We show in this paragraph that the range of possible inclinations and companion masses constrained by the RV data can be further restricted based on the NACO observations. The binary separation of CHXR 74 on the date of our NACO observations is predicted to be 3.0 AU at minimum (i=90
• ) based on the RV orbit solution (S. Reffert, pers. comm.) . This corresponds to an angular separation of 18 mas at the distance of Cha I. Considering the non-detection in the NACO observations and the derived detectable K-band brightness ratio as function of the actual separation (black curve in Fig. 3) , the minimum separation of 18 mas (blue vertical line in Fig. 3 ) can be translated into an upper limit for the K-band brightness ratio of the two components in CHXR 74 of 0.53. This brightness ratio is applied to divide the K S -band magnitude measured for the unresolved system (m K =10.21 mag) among the two components (m K,1 ≤ 10.67 mag, m K,2 ≥ 11.36 mag). Comparing again with evolutionary tracks yields an upper limit for the companion mass of 0.14 M ⊙ and a lower limit for the primary mass of 0.23 M ⊙ . This requires the orbital inclination to be ≥ 40
• (again derived directly from the mass function rather than using M 2 sin i). Therefore we conclude from the combined UVES and NACO observations that the secondary of CHXR 74 has a mass within the range of about 0.08 and 0.14 M ⊙ .
We note that the combined RV and imaging data allow us also to derive an upper limit for the binary separation at the time of the NACO observation of slightly above 21 mas (3.4 AU). This follows from the minimum mass M 2 sin i from the RV orbit (0.08 M ⊙ ), which can be converted into a model-dependent lower limit for the K-band brightness ratio of about 0.3, which in turn can be translated into a separation via the NACO detection map (red horizontal line in Fig. 3 ). This means, on one hand, that we have apparently just missed the companion in the NACO observations. On the other hand, it demonstrates that the orbital period cannot be dramatically longer than the value determined from the RV data (13.1 yr), which sample about 87% of the orbit.
The astrometric space mission GAIA might be able to monitor the astrometric orbit of the primary in CHXR 74. While the minimum semi-major axis of the primary is 0.95 AU (6 mas), the astrometric signature is smaller for a non-negligible luminosity of the companion because the astrometric orbit corresponds to the orbit of the photocenter around the center of mass. Taking this into account, we predict an astrometric signature of the primary of CHXR 74 between 0.4 and 0.2 mas for the inclination range between 90
• and 40
• . If the astrometric orbit can be determined, it will yield in combination with the presented RV orbit solution, the absolute mass of the companion and an independent distance measurement. This would provide a valuable dynamical mass measurement at young ages in the poorly constrained mass regime of <0.3 M ⊙ .
